© Versita Sp. z o.o. An acrylic acid/poly(ethylene glycol) (AAc/PEG) hydrogel was synthesized in aqueous solution by a simple one-step method using glow-discharge electrolysis plasma (GDEP) technique. The structure of AAc/PEG hydrogel was characterized by Fourier transform infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS). Factors influencing the adsorption of heavy-metal ions such as solution pH, contact time, initial heavy-metal ion concentration were examined systematically by batch experiments. Results showed that both chemical complexation and ion exchange played an important role for heavy-metal ion adsorption onto AAc/PEG hydrogel. The adsorption isothermals followed the Langmuir isotherm and the adsorption kinetics fitted the pseudo-secondorder model at 25 o C with a pH 6. In addition, AAc/PEG hydrogel can be also regenerated and re-used.
Introduction
Wastewater containing heavy-metal ions are often encountered in chemical industries such as metal finishing, mining operations, metallurgical manufacturing, batteries manufacturing, plating facilities as well as paper industry and tanneries. It is well known that heavymetal pollution to water and soil can affect the ecology adversely, causing various diseases and disorders for humans. Lead, copper, and cadmium belong to the kind of serious hazardous heavy metals. For example, they can cause several undesirable effects in human beings including carcinogenesis, mutagenesis, and alterations in the antioxidant system resulting in damage to liver, kidney, brain, lungs, heart, as well as the nervous system [1, 2] . Due to their high toxicity, various government agencies have imposed strict and more stringent environmental legislations on wastewater discharges. For these reasons, removal of heavy-metal ions from wastewater has been a subject of major concern to scientists for many years [3] .
A large number of methods have been used for removing heavy-metal ions from industrial wastewater, such as biological process, chemical precipitation, solvent extraction, electrochemical technique, membrane separation, reverse osmosis, ion exchange and adsorption [4] . All these techniques have some demerits, such as incomplete removal, high-energy requirements, low efficiency and production of toxic sludge or waste products [5, 6] .
In recent years, some hydrogel adsorbents, especially used for removing of heavy-metal ions, such as clay-based nanocomposites [7] , P(AAc-co-MAAm) [8] , P(AAc-co-AM) [9] , P(NVP-AAc-AMPS) [10] , PSGI [11] , Car/AAc [12] , and so on, have been widely because they are reusable, easy handling and having fast adsorption rate, higher adsorption efficiencies as well as high selectivity to some metal ions [13, 14] . However, the adsorption capacity of heavy-metal ions are, commonly, between 100 and 500 mg g -1 and even lower than 50 mg g -1 . In order to improve the adsorption capacity, some methods for preparing the hydrogel are emerged Central European Journal of Chemistry such as, initiated polymerization by using chemicals [7, 8] , UV-curing technique [9, 10] , radiation-induced polymerization [11, 12] , and so on.
Glow-discharge electrolysis is a kind of nonFaradaic electrochemical process, which occurs at solution surface or under aqueous solution when the applied voltage over a critical value [15, 16] by means of GDEP rather than using chemical initiators.
Results indicated that GDEP could be considered as a rich source of free radicals in aqueous solution to initiate the polymerization reaction.
Poly(ethylene glycol) (PEG) is a polymer of ethylene oxide with a general formula HO(CH 2 CH 2 O) n H. It is a highly hydrophilic, nontoxic, biocompatible polymer which can be used extensively in industrial manufacturing and biomedicine. Acrylic acid (AAc) is the simplest unsaturated carboxylic acid. When AAc was modified by PEG, it would be formed into AAc/PEG hydrogel. In particular, the AAc/PEG hydrogel has created a wide spectrum of applications in drug delivery [22] and drug release [23] due to its low toxic, biocompatible, hydrophilic properties. Owing to the existence of the functional groups of -COOH and -OH, AAc/PEG hydrogel has a strongly chelate ability to heavy-metal ions [24] . Thus, it can be also used for the removal and recovery of heavy-metal ions from wastewater.
In the present paper, AAc/PEG hydrogels were successfully prepared by a simple one-step method using GDEP technique. The removal of Pb(II), Cu(II), and Cd(II) ions from aqueous solutions using AAc/PEG hydrogel has been investigated by batch adsorption experiments. The adsorption rates were determined quantitatively and simulated by the pseudo-first-order and pseudo-second-order kinetic models. The Langmuir and Freundlich isotherms were used to evaluate the equilibrium adsorption data. The regeneration experiments for Pb(II), Cu(II) and Cd(II) on the AAc/PEG hydrogel were also discussed.
Experimental procedure

Materials
Acrylic acid (AAc) was distilled under reduced pressure before use. Poly(ethylene glycol) (PEG, the average molecular weight Mr = 800), N,N'-methylene bisacrylamide (MBA) 
Preparation of AAc/PEG hydrogel
The experimental apparatus was similar to the one described in our previous work [21] . An AAc/PEG hydrogel was prepared by the following procedure. In a 250 mL three-neck flask, 4 g PEG with 0.0300 g MBA was dissolved in 25 mL of distilled water. To dissolve completely, the mixture was stirred for 1 h at 25 o C. Then, 6 g of AAc was added to the flask, warming at 70 o C for 30 min. After that, the electrodes were immerged into the mixed solution to start the glowdischarge at 650 V for 3 min. Stopping the discharge, the reaction mixture was stirred at 70 o C for additional 6 h, which was called the post polymerization reaction, following by cooling the product to room temperature. The product was removed from the flask and cut into small pieces about 2-5 mm. Finally, the resulting product was dewatered with methanol, dried in vacuum oven at 50 o C to a constant weight. The yield (gel content) was about 67% based on the total weight of AAc and PEG. The hydrogel was milled through a 200-mesh sieve for testing the adsorption properties of heavy-metal ions.
Characterization
Fourier transform infrared (FT-IR) spectra of AAc/PEG hydrogel was recorded on a DIGILAB FTS 3000 FT-IR spectrophotometer (USA) with KBr pellet in the range of 4000-400 cm -1 . X-ray photoelectron spectroscopy (XPS) of AAc/PEG before and after Pb(II) adsorption were recorded on an X-ray photoelectron spectrometer (PHI-5702, Physical electronics division, USA) equipped with a twin anode (Mg K α /Al K α ) source under 2×10 -7 Pa. The binding energies (BE) were calibrated against the C1s peak at 284.6 eV. The adsorption capacity of hydrogel to heavy-metal ions was obtained from the initial and final concentration of metal ions determined by flame atomic adsorption spectrophotometer (FAAS, Hitachi Z-2000, Japan).
Adsorption studies
Effect of pH on adsorption
The pH value of heavy-metal ion solution was adjusted with 0.1 mol L -1 HCl or NaOH solution. A mixture containing 0.0300 g of hydrogel and 100 mL of heavymetal ion solution (1000 mg L -1 ) were shaken by using a stirrer for 12 h with 160 rpm at 25 o C. Then, the mixture was filtered and the metal ion concentration was determined by FAAS. The adsorption capacity (Q) was calculated by the following equation [25] :
where Q is the adsorption capacity of heavy-metal ions (mg g -1 ), C 0 and C are the concentrations of the heavymetal ions in the aqueous phase before and after the adsorption, respectively (mg L -1 ); V is the volume of the aqueous phase (mL) and m is the amount of the dry hydrogel used (g).
Adsorption kinetic
A mixture containing 0.1000 g of hydrogel and 200 mL of heavy-metal ion solution (500 mg L -1 , pH=6) were shaken by using a stirrer with 160 rpm at 25 o C. The samples were separated at the desired time-interval. Then, the amount of metal ions was determined by using FAAS.
Adsorption isotherms
The adsorption properties of AAc/PEG hydrogel for Pb(II), Cu(II) and Cd(II) were examined in batch experiments at 25 o C and pH=6. A series of 0.0300 g dry hydrogels were placed in a 100 mL heavy-metal ion solution (500-1000 mg L -1 ) and shaken at 160 rpm for 12 h. Then filtered, the residual concentrations of the metal ions in the aqueous phases were measured with FAAS.
Desorption studies
0.1 g of AAc/PEG hydrogel was added into 200 mL Pb(II) ion solution (1000 mg L -1 ) at pH=6. Then, the mixture was shaken with 160 rpm using a stirred at 25 o C. After 12 h, the hydrogel was harvested from the solution by filtration, and the residual Pb(II) ion concentration was determined by using FAAS. The adsorbed Pb(II) was dipped with HNO 3 solution (500 mL, 0.1 mol L -1 ) for shaking 12 h at 25 o C, then, separating and determining the anoumt of metal ions by FAAS. After that, the AAc/ PEG hydrogel was collected by filtration and washed repeatedly with excessive amount of deionized water. And then, it can be used in the next adsorption cycle. The adsorption and desorption process was repeated three times under the same conditions. The experiments of Cu(II) and Cd(II) were similar to the Pb(II) described above. The desorption ratio (ŋ) was calculated by the following equation [25] :
where Q 1 is the amount of metal ion desorbed into the elution medium, and Q 2 is the amount of metal ions adsorbed onto the hydrogels.
Results and discussion
The mechanism of GDEP initiated polymerization
In the analysis of the copolymerization of poly(acrylamideco-acrylic acid) hydrogel initiated by pulsed corona discharge or by γ-ray irradiation, Malik et al. [26] pointed out that the pathway may be similar to that by chemical initiator, that is, hydroxyl free radicals play a main role. In our previous works [21] we also received this supposition, that is, hydroxyl free radicals in GDEP can initiate a polymerization between AAc and PEG to form AAc/PEG hydrogel, just illustrating in Scheme 1. At first, water molecules absorb enough energy from plasma to form many energetic species including hydroxyl free radical (Reaction 1). Then, the energetic species attack further AAc and PEG molecules, forming the new AAc and PEG radicals, resulting in chain initiation (Reaction 2) and thereafter themselves become free radical donors to the adjacent molecules to cause the chain propagation (Reaction 3). These chains are terminated by coupling to give cross-linking copolymer (Reaction 4).
Characterization
FT-IR analysis
FT-IR spectra of PEG (a), cross-linked PAAc (b), AAc/PEG hydrogel (c), AAc/PEG-Pb (d), AAc/PEGCu (e) and AAc/PEG-Cd (f) are showed in Fig. 1 . In Fig. 1a , a strong and broad absorption peak at 3404.48 cm -1 is attributed to the stretching of O-H. The peak at 2874.31 cm -1 is assigned to the -CH 2 -stretching vibration. The peak at 1644.26 and 1108.03 cm -1 are assigned to the stretching vibration of the H-O-H and C-O-C bond, respectively.
In Fig. 1b , the peak at 3445.98 cm -1 is assigned to the O-H stretching vibration of carboxyl. The peak at 2927.17 cm -1 is attributed to the -CH 2 -stretching vibration. The peak at 1647.47 cm -1 can be assigned to the C=O stretching vibration of carboxyl.
In Fig. 1c , the peak at 1641.77 cm -1 is assigned to the C=O bond confirms the incorporation of AAc into the polymer backbone. Furthermore, the peak at 1108.03 cm -1 corresponding to the stretching of C-O-C bond is weaken and shifted to a lower wavenumber (1104.10 cm -1 ), while the peak at 2874.31 cm -1 corresponding to the stretching of -CH 2 -bond is weaken and shifted to higher wavenumber (2924.40 cm -1 ), indicating that AAc/PEG hydrogel is synthesized by GDEP.
As the Pb(II), Cu(II) and Cd(II) ions are adsorbed by AAc/PEG, the peak at 1641.77 cm -1 (C=O stretching vibration) in the spectrum of AAc/PEG is disappeared completely (Fig. 1d) , or even shifted to lower wavenumbers (Figs. 1e and 1f ). In addition, the peak at 1458.40 cm -1 (O-H deformation vibration) (Fig. 1c) is shifted to lower wavenumbers after adsorbing heavymetal ions. All results indicate that oxygen atoms in AAc/ PEG hydrogel donate unshared electron pairs to the metal ions to form coordinate-covalent bonds [11].
XPS spectra analysis
Besides FT-IR, XPS is another measurement that can confirm the adsorption of coordinating hydrogel towards metal ions. The creation of a chemical bond between a metal ion and an atom within the adsorbent would change the distribution of the electrons around the corresponding atom; that is, the electron-donating ligands can reduce the binding energy (BE) of the core level electrons, while the electron-withdrawing ligands can raise the BE [27]. Fig. 2 shows the typically wide scan of AAc/PEG before and after Pb(II) adsorption. It is observed that after Pb(II) adsorption, four new peaks with binding energy of 19, 139, 413, 435 eV appeared (Fig. 2b) , which can be assigned to the Pb5d 5/2 , Pb4f 7/2 , Pb4d 5/2 , Pb4d 3/2 peaks, indicating that Pb(II) were adsorbed by AAc/PEG hydrogel.
To provide evidence for the FT-IR discovery that Pb(II) ion adsorption was mainly performed through complexation, the XPS data of O1s, Pb4f 5/2 and Pb4f 7/2 of AAc/PEG before and after Pb(II) adsorption are listed in Table 1 . It is noticeable that the BEs of O1s electron had quite a large shift towards to the higher energy region to be 0.38 eV. This is due to the complexation, in which a lone pair of electrons in the oxygen atom was donated to the shared bond between O and Pb(II), and as a consequence, the electron cloud density of the O atom was reduced, resulting in a higher BE peak observed. Moreover, the BEs of Pb4f 7/2 , Pb4f 5/2 electron Scheme 1. Possible polymerization mechanism under GDEP. (1) radical formation, (2) initiation, (3) propagation, and (4) cross-linking termination. have a remarkable shift towards to the lower energy region to be 0.77 and 0.10 eV, respectively. These downward shifts may be explained as the increase in the electronic density around Pb(II) resulting from the electron receiving from the other atoms in the AAc/PEG. Therefore, the XPS spectra provide evidence for the complexation between the AAc/PEG and Pb(II) during the adsorption process, which is also consistent with the results obtained from the FT-IR.
Adsorption studies
Adsorption capacity is affected by several factors such as surface properties of adsorbent, temperature, solution pH, contact time, and initial metal ion concentration. In this paper, some representative factors were inspected for studying the adsorption of Pb(II), Cu(II), and Cd(II) ions onto the AAc/PEG hydrogel.
Effect of pH on heavy-metal ions adsorption
Because the complexation reaction and ion exchange are related to the pH of solution, the adsorption characteristics of AAc/PEG to Pb(II), Cu(II) and Cd(II) ions were determined from pH 1.0 to 8.0. As showed in Fig. 3 , there is a sharply transition when the value of pH was increased from 1.5 to 4.3; then, adsorption capacities were not significantly altered beyond pH 4.3. Since the pK a of AAc is 4.3, the degree of ionization of AAc is small at pH lower than pK a , and most carboxylate on the hydrogel is protonated to decline the complexation and proton exchange [28] . Moreover, the hydrogel is a shrunken and collapsed state, as a result, it is difficult for heavy-metal ions to diffuse into the interior of hydrogel at lower pH and the adsorption capacity is not high. Contrarily, at pH greater than the pK a of AAc, the carboxylic groups are de-protonated, and the hydrogel is in a bulgy status because of the electrostatic repulsion forces among -COO -. The higher swelling of hydrogel allows for metal ions diffusion into the hydrogel network to reach coordinating sites [29] . Therefore, the adsorption is very high. The proton exchange mechanism is showed below:
In neutral solutions, the metallic acetate M(Ac) 2 (M=Pb, Cu and Cd) are first dissolved, dissociated and converted to metal ions. Also, the R-COOH of AAc/PEG was dissociated.
The adsorption process then proceeds due to the electrostatic attraction between these two counter ions, However, in the presence of H + , the low adsorption of heavy-metal ions in acidic solution is also due to the protonation of carboxylic groups (R-COO -) in AAc/PEG. Thereby, the neutral solution (ca. pH = 6) would be better for the adsorption study.
Adsorption kinetic
Kinetic analysis of adsorption process is very important for the design of adsorbents because the kinetics can provide an essential information on the adsorption mechanism and the metal ion adsorption rate. To investigate such properties, the hydrogel samples were dropped into heavy-metal ions solution and their adsorption capacities were determined at desired time intervals. As can be seen from Fig. 4 , high adsorption rates are observed at the beginning, then slow and finally level off after 2.5 h, implying that AAc/PEG samples have quite fast adsorption rate. In order to investigate the adsorption mechanism, the pseudo-first-order and pseudo-second-order adsorption models were used to analyze the experimental data. The pseudo-first-order kinetic model assumes that the adsorption is originated from physical process and fitted the following equation, ( ) e t e 1 log = log 2.303
where Q e and Q t (mg g -1 ) are the amounts of heavymetal ions adsorbed on the adsorbent at equilibrium and at any time t (min), and k 1 (min -1 ) is the rate constant of the pseudo-first-order adsorption. Rate constant (k 1 ) and theoretical equilibrium amount of adsorbed metal ions (Q e ) can be obtained from the slope and intercept of the straight-line plots of log (Q e -Q t ) against t. In most cases, the pseudo-first-order equation does not fit well to the whole range of contact time and is generally applicable over the initial stage of the adsorption processes.
The kinetic data were further analyzed using pseudo-second-order kinetic model, using the following expression,
where k 2 is the rate constant of the pseudo-secondorder equation. The values of k 2 , Q e can be obtained from the slope and intercept of the plot of t/Q t against t. It is more likely to predict the behavior over the whole range of adsorption and is in agreement with the chemisorption mechanism being the rate-controlling step. The validity of these two models can be checked by analyzing the linear plots (also see the supplementary material). The rate constants, calculated amounts of adsorption equilibrium and correlation coefficients are given in Table 2 . Based on the R 2 , it is established that the adsorption of Pb(II), Cu(II) and Cd(II) on AAc/PEG can be better described by the pseudosecond-order kinetic model. Moreover, the calculated Q e values for the pseudo-second-order kinetic (971, 833, 800 mg g -1 for Pb(II), Cu(II) and Cd(II), respectively) are close to the experimental data (958, 795 and 754 mg g -1 for Pb(II), Cu(II) and Cd(II), respectively). Therefore, it was reasonable to conclude that the rate limiting step in the adsorption of Pb(II), Cu(II) and Cd(II) onto AAc/PEG was mainly chemisorption involving valence forces through sharing or exchange of electrons. , m = 0.0300 g, V=100 mL, T = 25 o C, stirred speed = 160 rpm, time = 12 h).
Adsorption isotherms
Linear regression is the commonly used method to estimate the isotherm parameters [30] . The linear leastsquares method to the linearly transformed isotherm equations is widely applied to confirm the experimental data and isotherms using coefficient of determination (R 2 ). However, linearization of non-linear isotherm expressions may alter the error distributions and violate the normality assumptions of the least square method [30, 31] . In the present study non-linear method is used to estimate the isotherm parameters of heavy-metal ions onto AAc/PEG. The Freundlich and Langmuir isotherms are the most commonly used to describe the adsorption characteristics of adsorbent in wastewater. Freundlich expression is an empirical equation based on the assumption of adsorption on heterogeneous surfaces and possibly in multilayer adsorption [32] . It can be represented by the following equation:
where K f and n are Freundlich characteristic constants that are related to adsorption capacity and adsorption intensity, respectively. The Langmuirs isotherm model assumes monolayer adsorption on a surface with a finite number of identical sites, that all sites are energetically equivalent and that there is no interaction between adsorbed molecules [4] . It is expressed as: 
where Q max is the maximum amount of adsorption (mg g -1 ) and b is the Langmuir adsorption equilibrium constant (L mg -1 ), reflecting the energy of adsorption. The essential characteristic of the Langmuir equation can be expressed in terms of the dimensionless separation factor R L , which is defined by
where C 0 is the highest initial metal ions concentration (mg L -1 ) and b is the Langmuir constant. The value of R L indicates the type of the isotherm either to be unfavorable (R L > 1), linear (R L = 1), favorable (0 < R L < 1) or irreversible (R L = 0).
The parameters of Freundlich and Langmuir are given in Table 3 . The plots (also see the supplementary Table 3 indicate the Langmuir model fits the metal ion adsorption data better than the Freundlich model. Therefore adsorption of metal ions probably is dominated by the monolayer adsorption process.
The R L value calculated from Eq. 7, lies in the range of 0-1 (Table 3) , indicates the favorable adsorption of Pb(II), Cu(II), and Cd(II) on AAc/PEG hydrogel. The values of free energy change (∆G 0 ) for the adsorption process were calculated using the following Eq. 8:
The Table 4 , GDEP has low cost, mild reactive condition, controllable reaction and no secondary pollution. So it is a "sustainable development" with an environment-friendly new green synthesis technique. The higher adsorption capacities for the metal ions indicate once again that the GEDP technique can be considered as a rich source of free radicals in aqueous solution, and applied to induce the polymerization reaction.
Desorption and reusability of AAc/PEG
The regeneration of adsorbent material is likely to be one of the most important parameter related to the application potential of adsorption technology. As showed in Fig. 3 , no adsorption was observed at pH 1. So adsorption- Table 3 . Langmuir and Freundlich constants of adsorption isotherms for heavy-metal ions on hydrogels (C 0 =500-1000 mg L -1 , m = 0.0300 g, V = 100 mL, pH=6, T = 25 o C, stirred speed = 160 rpm, time = 12 h). desorption studies were carried out for Pb(II), Cu(II) and Cd(II) using 0.1 mol L -1 HNO 3 as stripping agents. As can be seen from Fig. 5 , all the metal ions showed over 88% desorption ratio in their third adsorption-desorption cycle. The mechanism of elution may be explained by the desorption of the adsorbed metal ions as a consequence of the protonation of the carboxylic chelating sites. That is, AAc/PEG hydrogel is a good reusable adsorbent in the removal of heavy-metal ions from wastewater.
Heavy-metal ions
Freundlich
Conclusions
The AAc/PEG hydrogel was successfully prepared by GDEP in aqueous solution, in which AAc and PEG were used as starting materials and MBA as a cross-linking reagent. The FT-IR and XPS spectra provided evidence for the complexation between the AAc/PEG and Pb(II) during the adsorption process. The hydrogel was applied to the removal of lead, copper, and cadmium ions from aqueous solution. Langmuir and Freundlich isotherm models were applied to analyze the experimental data and the adsorption of Pb(II), Cu(II), and Cd(II) on AAc/PEG fitted well to the Langmuir isotherm equation. The maximum adsorption capacities found for Pb(II), Cu(II), and Cd(II) by using Langmuir equation are 1440.29, 1256.18 and 1138.18 mg g -1 , respectively. The adsorption kinetics results showed that near equilibrium was attained within 2.5 h of contact time. The pseudo-second-order model could explain the heavy-metal ions adsorption better. It was found that AAc/PEG has good reusability and adsorption capacities for Pb(II), Cu(II), and Cd(II) after reuse for three times. All the results suggested that AAc/PEG is a very potential adsorbent for highly efficient removal of heavy-metal ions from aqueous solution.
